We conduct direct numerical simulations for turbulent Rayleigh-Bénard (RB) convection, driven simultaneously by two scalar components (say, temperature and salt concentration) with different 
INTRODUCTION
Rayleigh-Bénard (RB) convection serves as a commonly used system for studying natural convection which is ubiquitous in many nature and engineering environments. RB convection refers to a fluid layer which is heated from below and cooled from above, and is subject to an external gravitation field. Such systems have been extensively studied in recent years, e.g. see the reviews of [1] , [10] , and [3] . One key question is how the scalar flux and flow velocity depend on the control parameters. The unifying theory for the flux and flow velocity ["GL theory" [4] [5] [6] [7] , which are measured respectively by the Nusselt number Nu and the Reynolds number Re, has achieved great success for RB flows [1, 16] , and now has predictive power for the absolute values of Nu and Re for given control parameters, i.e. the Rayleigh number Ra and the Prandtl number Pr.
However, in reality the convection flow can be much more complex than the idealized RB system, as in the case of external rotation [e.g. 9, 19] , inhomogeneities of the top and bottom boundaries [e.g. 2, 18] , or wall roughness [e.g. 13, 14, 20, 23] . In this study we will investigate another type of complexity, i.e. RB convection driven by two different scalar components. Multiple-component convection is commonly encountered in nature.
For instance, the density of seawater is mainly determined by temperature and salinity, and chemical reaction flows usually have more than one species. In the Ocean the vertical convection flow driven by both temperature and salinity gradients is usually referred to as double diffusive convection (DDC) [12, 17] . Our previous study on DDC was confined in the so-called fingering regime, where the fluid layer experiences an unstable salinity gradient and stable temperature gradient [21, 22] .
Here we will focus on the convection flow driven simultaneously by two scalar components with different molecular diffusivities. Our previous study showed that the original GL model can be used to describe the salinity transfer in fingering DDC flow [21, 22] . The theory has also been applied to DDC in the diffusive regime, in which the fluid layer is subjected to an unstable temperature gradient and a stable salinity gradient [8] . In this study the RB convection is driven by two scalar components which are both unstably stratified. Recall that the key idea of the GL theory is to divide both the momentum and thermal fields into their own boundary layer and bulk regions. Then scalings are developed for the two respective contributions to the respective dissipation rates, leading to Nu(Ra, Pr ) and Re(Ra, Pr ).
It is straightforward to generalize this type of argument to multiple scalar fields. We will validate this generalization of the GL theory by direct numerical simulations.
The paper is organized as follows. In section 2 we will provide the governing dynamical equations of the system and the details of our simulations. In section 3 we will present the generalization and application of the GL theory to the two-scalar RB convection. Finally section 4 concludes the paper.
GOVERNING EQUATIONS AND NUMERICAL SIMULATIONS
The flow under consideration is incompressible and the density ρ is determined by two scalar components, say temperature θ(x, t) and concentration field s(x, t). The OberbeckBuossinesq approximation is adopted, i.e. the fluid density depends linearly on both scalars
. ρ 0 is a reference density, while θ and s are the temperature and concentration relative to their respective reference values. β ζ is the positive expansion coefficient respectively for temperature (ζ = θ) and concentration (ζ = s). From now on the subscript ζ = θ or s stands for a quantity associated to scalar ζ. The signs before the two terms indicate that the density is bigger for either lower temperature or higher concentration, which are the usually cases in practice.
The governing equations consist of the momentum equation and the advection-diffusion equations of two scalars, which read
Here u i with i = 1, 2, 3 are three velocity components, p is the kinematic pressure, ν is the kinematic viscosity, g is the gravitational acceleration, and κ ζ is the molecular diffusivity, respectively. The dynamic system is further constrained by the continuity equation
The fluid layer is between two parallel plates which are perpendicular to gravity and separated by a height H. At each plate both the temperature and concentration are kept constant, and the scalar difference between two plates is denoted by ∆. The top plate has lower temperature and higher concentration, thus the flow is driven by both scalars. The flow has four control parameters, namely two Prandtl numbers and two Rayleigh numbers,
Another useful parameter, which is borrowed from the DDC community, is the density ratio
Λ measures the relative strength of the buoyancy force induced by the temperature difference to that induced by the concentration difference. Λ < 1 indicates that the buoyancy force of the concentration difference is stronger than that of the temperature field, which we refer to as the "concentration-dominant" (CD) regime. Accordingly, Λ > 1 is referred to as the "temperature-dominant" (TD) regime. Three key responses of the system are the scalar fluxes and the flow velocity, which are measured by the two Nusselt numbers and the
Reynolds number
Here · represents the spatial and time average. u rms is the root-mean-square value of the velocity magnitude.
The governing equation (1) is numerically solved by using a highly efficient code developed in our group [11] , which has been used intensively in our previous DDC studies [21, 22] . The code employs a multiple-grid method, which solves the momentum and fast-diffusing scalar on a base mesh, and the slow diffusing scalar on a refined mesh, respectively. The resolution is chosen to meet the criteria proposed in [15] . The flow quantities are non-dimensionalized by the height H, the free-fall velocity defined by concentration difference
and the scalar differences ∆ ζ , respectively. At two plates no-slip boundary conditions are applied and both scalars are kept constant. In the two horizontal directions the periodic boundary conditions are employed. We fix In figure 1 we show the scalar fields of three different runs with fixed Pr s = 10 and
, and 10 7 (e, f), or equivalently Λ = 0.1, be regarded as the height of the boundary layers. Note that for the three cases shown here, Ra s is fixed at 10 7 , and Ra θ increases from 10 5 to 10 7 . As Ra θ becomes larger, the total driving buoyancy force increases. The velocity fluctuation becomes stronger, indicating more intense turbulence. Accordingly, the peak location of velocity rms moves closer to the plate.
Meanwhile, the boundary layer thickness of both scalars decreases and the concentration boundary layer is always nested inside the temperature boundary layer due to its smaller diffusivity than that of temperature.
Interestingly, the momentum boundary layer has larger thickness than both scalar fields, even for the case with Ra θ = 10 5 shown in figure 2b. Note that for this case Λ = 0.1, meaning that the buoyancy force of the temperature difference is much smaller than that of the concentration difference. But the momentum boundary layer thickness is still set by the temperature field. This is consistent with the flow structures shown in figure 1 , since temperature diffuses faster than concentration and its boundary layer extends beyond that of concentration field. Thermal plumes grow from a location higher than concentration plumes do and therefore the temperature field sets the momentum boundary layer height even for very small Λ.
GENERALIZED GROSSMANN-LOHSE THEORY
The GL theory was originally developed for RB flow [4] [5] [6] [7] to provide a unifying theory for Nu(Ra, Pr) and Re(Ra, Pr ), and successfully accounts for most of the existing experimental and numerical results [1, 16] . Our previous DDC studies [21, 22] showed that the original theory, without any modification of the coefficients, can also be used to describe the concentration flux and flow velocity scalings of the fingering DDC flow, i.e. flow driven by a concentration difference and stablized by a temperature difference. In this section we will briefly discuss the theory and the formulations, and then apply it to the current two-scalar convection flow.
The theory is built upon the exact relations between the dissipation rates and the global fluxes, which for the present problem read
The flow domain is divided into the boundary-layer and bulk regions. For each region different scalings are derived for the individual dissipation rates. Such division is still applicable to the current flow, as shown in figure 1 . Following the same arguments as in the original theory, one finally obtains the GL theory for the turbulent two-scalar convective flow,
Nu
Note that as explained in [21] , when either of the two scalar differences decreases to zero, the flow will reduce to the traditional RB flow with one scalar and the theory should degenerate 
We now compare the theory to the current numerical results. To correctly predict the Reynolds number a transformation coefficient α needs to be determined and the procedure is described in [16] . Here we fix α = 1.453 by using the Reynolds number of the case with its effects on the momentum field are confined inside the temperature plumes due to the slow sideward diffusion. The morphology and dynamics of such thin concentration plumes are very different from the traditional RB plumes, thus the original scaling arguments of the GL theory become less accurate.
For the opposite situation in the deep CD regime (with small Λ), although the buoyancy force is mainly generated by the concentration component, the temperature anomaly diffuses faster in the lateral direction and is not confined inside the concentration plumes. The temperature anomaly can directly interact with the momentum field and thus more similar to the situation in the RB flows. Therefore the GL theory performs better in the CD regime than in the TD regime, as shown in figures 3a-c.
CONCLUSIONS AND DISCUSSIONS
In summary, we conducted the direction numerical simulations of the RB convection driven by two scalar components which have different molecular diffusivities. The flow morphology changes for different ratios of the buoyancy forces associated to the two scalar differences. We have generalized the GL theory for the RB convection to the current problem.
The results show that the theory captures the overall trends of the dependences of scalar fluxes and flow velocity on the control parameters. For most of the cases the theory predicts the absolute values with good accuracy. This comparison demonstrates the applicability of the GL theory to multiple component convection flows. The accuracy of the theory decreases when the fast-diffusing component dominates the buoyancy force, i.e. in the TD regime. We argue that in this regime, the structures of the slow-diffusing component is very different from those in the traditional RB flows, and the argument in the original GL theory becomes less accurate.
A more refined generalization of the GL theory should assume that the coefficients are not constant but some functions of the density ratio Λ, and they recover the original GL values when the system degenerates to a single scalar RB flows. The theory also deserves to be tested over a larger parameter space, such as for the scalars with Prandtl number smaller than one, which is of relevance to some astrophysical flows.
